Nanolipoprotein particles (NLPs) are reconstituted high-density lipoproteins, consisting of a phospholipid bilayer stabilized by an apolipoprotein scaffold protein. This class of nanoparticle has been a vital tool in the study of membrane proteins, and in recent years has been increasingly used for in vivo applications. Previous work demonstrated that the composition of the lipid bilayer component affects the stability of these particles in serum solutions. In the current study, NLPs assembled with phosphatidylcholine lipids featuring different acyl chain structures were systematically tested to understand the effect that lipid composition has on NLP stability in both neat serum and cell culture media supplemented with 10% serum by volume. The time at which 50% of the particles dissociate, as well as the fraction of the initial population that remains resistant to dissociation, were correlated to key parameters obtained from all-atom simulations of the corresponding lipid bilayers. A significant correlation was observed between the compressibility modulus of the lipid bilayer and particle stability in these complex biological milieu. These results can be used as a reference in preparing particles with tunable stability for in vitro and in vivo applications of these versatile biological nanoparticles.
Introduction
Nanolipoprotein particles (NLPs) and other types of reconstituted high-density lipoproteins (rHDLs) are gaining significant attention as a vehicle capable of delivering cargo for in vitro or in vivo applications. [1] [2] [3] Like their biological counterparts, these nanoparticles are comprised of a lipid bilayer disc (8-25 nm in diameter) that is stabilized by apolipoproteins [4] [5] [6] or truncated mimetics such as amphipathic peptides. [7] [8] [9] These particles are extremely versatile in that many different lipids or lipophilic constituents can be incorporated into the lipid bilayer, either comprising a minor component or the bulk of the particle bilayer. 2 The ability to tailor the bilayer and functional elements associated with the bilayer facilitates the use of rHDLs for a wide variety of applications, ranging from structure and function studies of membrane proteins 10 to formulating vaccines for in vivo use. [11] [12] [13] [14] A defining feature of rHDLs is the "soft" nature of this nanoparticle. In contrast to other nanoparticle systems, rHDLs are held together with weaker, non-covalent forces between the lipid and protein constituents. rHDLs prepared with 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) and 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC), two of the most commonly used lipids in preparing this class of particle, were shown to be highly susceptible to environmental conditions, which readily disrupted the weak intermolecular interactions necessary for rHDL integrity, ultimately leading to particle dissociation. 15 A number of parameters greatly influence the stability of rHDLs, including lipid bilayer constituents such as cholesterol and lipid headgroup. 16, 17 In another defining study, the thermal stability of rHDLs was shown to correlate with acyl chain length of the bilayer lipids, whereby rHDLs prepared with lipids featuring longer acyl chains provided greater resistance to thermally-induced dissociation. 18 Particle stability has direct relevance to the utility of rHDLs for in vivo delivery applications.
Particle dissociation and remodeling in vivo can lead to the premature release of cargo molecules associated with the rHDL. This is particularly disadvantageous if targeting moieties are employed to direct in vivo localization, as particle will decouple the targeting molecules from the cargo molecules, effectively precluding targeted delivery. As such, a key stability parameter to understand is the rate at which the engineered rHDL particle begins to dissociate in physiologically-relevant milieu, as any disruption in the original composition can lead to decoupling of the targeting and cargo moieties. Although several studies have demonstrated that synthetic HDLs persist in vivo for hours, these studies tracked a single constituent [19] [20] [21] , rather than the overall integrity of the original particle. Our previous work demonstrated that DOPC NLPs rapidly dissociate while circulating 22 , demonstrating the need to more thoroughly characterize in vivo particle stability as a function of the intact (as-prepared) particle, rather than a single constituent.
To begin a systematic evaluation of NLP stability in vivo, this study examines the role of lipid acyl chain structure on the stability of NLPs in experimentally and physiologically relevant media. While others have studied the effects of acyl chain structure on particle stability, 18 relatively few studies have compared how different lipid species affect the particle stability in conditions simulating cell culture or in vivo conditions. 15, 22 While those studies highlighted the differential stability in these conditions of the particles prepared with different lipids, 15 a thorough understanding of the contribution of lipid features such as chain length and degree of saturation to particle stability is unexplored. To extend our knowledge of particle stability, as well as the fate of these particles once exposed to serum, we have performed systematic stability tests with particles formulated with a range of homogeneous lipid compositions. These tests assessed the separation of the NLP scaffold protein from the lipid bilayer as a measure of degradation from the particle's original, as-prepared structure, although some remanents of the bilayer structure may still be intact (likely associated with endogenous proteins). 8 To mimic relevant biological environments, NLP stability was assessed at 37°C both in undiluted (neat)
fetal bovine serum and cell culture media supplemented with 10% serum. To decouple potential differences in headgroup composition and polarity, only phosphatidylcholine lipids were studied to focus primarily on the effect of lipid acyl chain length and saturation (i.e. the number and orientation of double bonds) on particle stability. To correlate stability with lipid composition, molecular dynamics (MD) simulations were used to calculate key intrinsic properties for the different lipid bilayer types used in the study. Our results demonstrate that NLP stability correlates directly with the area expansion modulus, K A , which is dictated by acyl chain length and saturation. These findings provide key insight into NLP stability and establish a basis for optimizing NLP formulations for specific biological applications.
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Lipid acyl chain structure modulates NLP stability in cell media with 10% FBS All NLPs in these studies were fluorescently labeled to analyze particle integrity by size exclusion chromatography (SEC) using an in-line fluorescence detector. NLPs were prepared with the N-terminal 22 kDa fragment of human apoE4 as previously described with exceptions as noted in the methods section (Fig. 1a) . Alexa Fluor 488 was used to label the NLP scaffold proteins, and example fluorescence chromatograms of these formulations in PBS are shown in Fig. S1 .
RPMI-1640 cell culture media (supplemented with 10% fetal bovine serum and 0.1% antibiotics)
was chosen as a representative cell culture media formulation. NLPs were diluted in media, incubated at 37°C, and analyzed by analytical SEC (aSEC) using a Superdex 200 Increase 3.2/300 column (0.2mL/min flow rate) to enable separation and discrimination between the intact particles and the free scaffold protein (eluting at 6-8 or 9-10 minutes, respectively). The fluorescence chromatogram was then analyzed to calculate NLP peak areas, which decrease over time in serum solutions (Fig. 1b , full chromatograms in Fig. S2 ). Integrated peak areas were
fitted to a curve to analyze the change in measured NLP peak area over time. Additionally, 95%
confidence bands were calculated for these curves, typically following a one-phase, exponential decay curve (unless noted otherwise). These data were used to calculate the time at which 50% of the initial NLP peak area remained (denoted herein as t 1/2 ). To assess the effects of lipid acyl chain length and saturation on stability, NLPs were prepared with homogeneous bilayers consisting of lipids featuring mono-unsaturated acyl chains (16 -22 carbons), saturated acyl chains (14 -18 carbons), and one lipid with poly-unsaturated chains.
The measured NLP t 1/2 values in supplemented media increase concomitantly with acyl chain length (Fig. 2) . NLPs prepared with a homogeneous 16:1 bilayer dissociated within 1 hour (Fig. 2a ), whereas 18:1 and 20:1 NLPs were increasingly stable up to 24 hours ( Fig. 2b and 2c ). NLPs featuring a 22:1 bilayer were stable beyond 48 hours (Fig. 2d ). Fig. 2g ) NLP data, so rather a linear fit was used. Interestingly, for both of these formulations, the NLP peak area increased to approximately 150% of the initial area after 1 hour. To take these changes into consideration, the t = 0 timepoint was excluded for the fit for the 16:0 series, and the t = 0 and 1 hr timepoints were excluded for the 18:0 series.
Further, the y intercept of the fit curve was taken as the initial NLP area value to compute the t 1/2 . confidence band, but the upper boundary diverged giving no upper limit to the confidence band.
The observed increase in particle fluorescence was unexpected, and suggests a significant shift in the local environment of the fluorophore on the apoE protein (e.g. polarity) or a substantial protein conformational shift impacting the distance between fluorophore molecules. Importantly, this effect is seen only in media, and only in NLPs with lipids in the gel phase at 37°C (vide infra). While this is reproducibly observed in only two NLP formulations in media, additional studies are merited to understand this phenomenon.
In addition to acyl chain length, double bonds are another structural feature in the acyl chain that influence the properties of lipids and their bilayer. Cis double bonds in the acyl chain are known to decrease bilayer viscosity and lower liquid-gel phase transition temperatures relative to saturated lipids of the same length. 23 Comparing NLPs prepared with saturated or unsaturated lipid acyl chains of the same carbon chain length (e.g. 18:0 versus 18:1) demonstrates that saturated species was substantially more stable in media, exhibiting increased t 1/2 values relative to NLPs with the corresponding unsaturated species (t 1/2 = 82 and 10.4 hrs, respectively) ( Table   1 ). This observation was mirrored with NLPs prepared with the lipids featuring acyl chains with two double bonds (18:2) (Fig. 2h ), which were found to be considerably less stable in media than 18:1 NLPs ( As an additional comparison, NLPs were prepared with 18:1 lipids possessing trans, rather than cis, double bonds (denoted as 18:1t). This lipid is an isomer of DOPC (18:1 cis), wherein the acyl chain with the double bond is oriented vertically rather than bending out from the vertical axis of the lipid, leading to a stiffer bilayer. 24 We hypothesized that these NLPs would exhibit enhanced stability stable in serum solutions relative to DOPC, mirroring the results observed with the more compact saturated lipid bilayers. Surprisingly, these NLPs exhibited a t 1/2 of 4.9
( 
Effect of lipid chain length and saturation on NLP stability in neat serum
Fetal bovine serum (FBS) is an excellent ex vivo surrogate for simulating the in vivo biological aqueous milieu that NLPs would encounter when systemically administered into the bloodstream. While compositionally similar to plasma (i.e. cell-free), serum is purified from whole blood after coagulation has occurred. The total protein concentration in serum (e.g. FBS)
exceeds 53 mg/mL, dominated primarily by albumin and globulins. A number of serum components are known to directly interact with HDLs and would hence impact particle stability, in particular endogenous apolipoproteins (such as apoA-I) which are present in serum at concentrations up to 10 mg/ml. 25, 26 Synthetic lipoproteins are known to interact with endogenous lipoproteins to dynamically exchange constituents, including apoliporoteins and lipids. 8, 27 It is worth noting that frozen, purified HDLs have been shown to have reduced activity, 28 but it is unclear if the same is true for HDLs frozen in whole serum (as used in this study), and whether this could alter the interactions between our particles and serum components. Additionally, lecithin:cholesterol acyltransferase (LCAT) is also present in serum and is known to bind to HDLs. 29 LCAT enzymatic activity, which involves producing lysophospholipids and cholesterol esters, is known to be activated by ApoE and causes remodeling of rHDLs, 30 though it is unclear what effect it would have on particles lacking cholesterol. Thus, it is readily expected that incubating NLPs in neat serum, with the undiluted serum comprising more than 90% of the solution volume, results in NLP dissociation much more rapidly than in media supplemented with 10% serum. 15 However, a thorough quantification of the differential stability of NLPs prepared with various lipids provides valuable insight into both structure-function relationships between the scaffold and lipid bilayer, and ultimately impacts design considerations for NLP formulations destined for in vivo applications. High serum concentrations significantly decreased NLP stability, as t 1/2 values were measured on the order of minutes rather than hours (Fig. 3) Among the lipids with saturated chains, the 14:0 NLPs (Fig. 3e) had the shortest t 1/2 , and were comparable to 18:1 NLPs (t 1/2 = 2.8 and 2.9 min, respectively). The 16:0 NLPs (Fig. 3f) Perhaps the most interesting result is the 18:0 NLP (Fig. 3g) , which exhibited a plateau in its decay curve above 50% of the initial NLP area. This plateau persisted as long as 8 days in the FBS solution. To confirm that these were particles capable of complete dissociation, the 18:0
NLPs were incubated in PBS with 250 mM sodium cholate at 100°C to fully disrupt the particle and denature the protein, and then analyzed by aSEC (Fig. S3) . These conditions successfully released the scaffold protein from the NLP, suggesting that indeed this formulation exhibits exceptional stability in FBS at 37°C.
Mirroring the results in media, the 18:2 NLP (Fig. 3h) Distinct trends are observed in stability of NLPs with mono-unsaturated and saturated lipids of increasing acyl chain length (Fig. 4 ). While we were not able to correlate these results with chain length independent of degree of unsaturation, we were able to find linear correlations between chain length and t 1/2 values for lipids with the same degree of saturation. In both media (Fig. 4a) and serum (Fig. 4b) , longer chain length provides enhanced stability within each lipid class. For the results of particles in media, the saturated series had an R 2 = 0.98. and the mono-unsaturated series had an R 2 = 1.0. In serum, the mono-unsaturated series followed an exponential fit (R 2 = 0.968). Based on the trend observed with the mono-unsaturated series in media with carbon lengths ranging from 16 -22 ( Fig. 4b) , one would expect that NLPs with longer acyl chains (i.e.
24:1 NLPs) would exhibit enhanced stability. However, the experimental t 1/2 was significantly lower than the predicted value for the 24:1 NLPs (t 1/2 = 12 vs. 22 minutes, respectively) ( Fig.   S4 ). This suggests that while increasing chain length tracks with an increase in NLP t 1/2 , there may be physical limits to this trend with lipids exceeding 22 carbon atoms, though additional experiments are needed to confirm this. It is important to note that lipids with acyl chains with 22
or more carbons and a single double bond are exceedingly rare in mammalian tissues. As chain length alone was not an accurate deterimant of NLP stability, we investigated other particle and lipid bilayer characteristics for direct correlations with the rate of NLP dissociation.
We plotted the t 1/2 versus the initial particle size, but found no substantial correlation(R 2 = 0.35, For the bilayer area area compressibility modulus (K A ) measurements (Fig. 5d) , we found that most bilayers had values that ranged from 200-300 mN/m, in very good agreement with the experimental and computational range observed for liquid phases. 36 The gel phase lipids 16:0 and 18:0 exhibited significantly higher area compressibility (476 and 1764 mN/m, respectively).
Similarly, these two lipids had the least amount of water penetration into the hydrophobic core of the bilayer (Fig. 5e) , as well as the lowest area per lipid, which is consistent with a denser gel phase bilayers. However, the bilayer thicknesses for these two lipids ( The gel-phase lipids, 16:0 and 18:0, were distinct outliers relative to the other lipids in terms of area-per-lipid, water penetration, and compressibility modulus ( Table 2 ). The correlations between these key parameters and NLP stability were assessed. However, as the t 1/2 was not readily calculated for the 18:0 lipid due to the plateauing of the dissociation trend, the decay constant (k decay ) for each NLP formulation was calculated. When the inverse of the decay constant was plotted against K A (Fig. 5f ), the data was fit to a natural logarithmic function with an R 2 value of 0.95. Plots correlating water penetration, area-per-lipid, or bilayer thickness with the inverse of the decay constant failed to show highly significant trends (Fig. S6 ).
The apparent relationship between the decay constant and K A suggests that the rate of dissociation of these particles in serum is related to the compressibility (or elasticity) of the bilayer component of these particles. In other words, the NLP stability is related to the force required to laterally stretch the lipid bilayer. The correlation between dissociation rate and elasticity suggests that NLPs more susceptible to deformation (due to a decrease in compressibility modulus) are less stable in a complex biological milieu. The exact mechanism by which this occurs, and which serum components may play a key role in the NLP dissociation, are currently unknown. However, these results provide a novel insight into aspects of the NLP bilayer that are key determinants in this process. While the interplay between bilayer elasticity and lipid molecular structure has been well studied in larger lipidic structures (e.g. giant unilamellar vesicles), 24 the current study represents novel insight into the role of bilayer elasticity as one of the factors in stabilizing structures below 20 nm in diameter, as well as in lipidic structures supported and stabilized by protein components (i.e. apolipoproteins). Interestingly, as discussed above, NLPs prepared with these two gel-phase lipids also exhibited anomalous dissociation profiles in media (Figure 2f and 2g) . These combined data and observations suggest that the NLP bilayer, and the lipid:apolipoprotein interactions, are in some ways unique, and merit additional study to elicudiate the potential structure and mechanism of association.
Based on our results, the NLP dissociation process can be predicted based on a universal lipid bilayer elastic property. However, it is important to note that the extent to which elasticity determines the rate of dissociation may vary between rHDL formulations prepared with different apolipoproteins. First, NLP apolipoprotein constituents may interact differently with serum components. Second, the size of the NLP, dictated by both apolipoprotein and lipid constituents, can also play an important role in bilayer characteristics and serum interactions. Third, the interaction between the apolipoprotein and lipid bilayer can significantly vary depending on acyl chain structure and bilayer thickness, and merits further study.
While much of the discussion has focused on the process through which the NLPs dissociate, the ultimate fate of the NLPs themselves is also of interest. Our initial hypothesis was that all NLP formulations would fully dissociate over time, and the NLP peak area would approach 0% of the initial area (as observed in Fig. 3e for 14:0) . Unexpectedly, non-zero plateaus were observed for a number of NLP formulations in both media and serum, with t 1/2 values up to 0.58 for 18:0
NLPs. While there was only weak correlation between dissociation plateau values with the K A (R 2 = 0.76) (Fig. S7) , we hypothesize that other bilayer parameters, such as the bilayer bending modulus or lipid spontaneous curvature, could have a better correlation to the plateau values.
Interestingly, a linear relationship was observed in both saturated and mono-unsaturated NLP formulations (R 2 of 0.92 and 0.96, respectively) when bilayer thickness was plotted against the dissociation plateau values (Fig. 6a) . While assessing the composition of NLPs following serum incubation was outside the scope of this study, it was observed that the NLP retention time shifted over time (represented in Fig. 1b) .
We initially expected a gradual increase in NLP size, coinciding with the well-documented formation of a protein corona. 37, 38 or remodeling of the NLPs into larger LDL-or VLDL-like structures. This could occur as a result of endogenous apolipoproteins associating with the particles, and the particles that comprise the plateau at longer time points could consist of mixtures of the NLP scaffold and endogenous apolipoproteins. However, while NLPs with mono-unsaturated lipids increased in size over time (indicated by progressively shorter retention times), NLPs with saturated lipids exhibited variable size changes over time (Fig. 6b) can be used to optimize particle characteristics for specific in vivo therapeutic or diagnostic applications. 
Materials and Methods

Protein expression and purification
The expression clone for the 22 kDa N-terminal fragment of human apolipoprotein E4
(apoE422k, kindly provided by Dr. Karl Weisgraber) featuring a cleavable His-tag 41 was expressed and purified as previously described. 15, 42 NLPs were assembled according to a previously reported procedure 5, 43 with slight modifications.
Assembling NLPs with a certain lipid type and scaffold protein can produce a number of different NLP species, but their homogeneity and stability can be highly variable. 44 For each new lipid or lipid mixture, assembly ratios were empirically derived to produce particles with greatest homogeneity and to minimize excess protein following the reaction. These ratios are given in Table 3 below. Briefly, lipids were either prepared or obtained in chloroform and aliquoted into glass vials. Chloroform was then removed using a stream of N 2 under agitation to form a thin lipid film. Lipids were solubilized in PBS buffer (137 mM sodium chloride, 2.7 mM potassium chloride, 10 mM phosphate buffer, pH 7.4) using 80 mM sodium cholate. After addition of the ApoE422k (150 µM in final assembly volume), samples were incubated at 22°C for at least 1 hour. Assemblies were dialyzed overnight against PBS to remove cholate. removed by using a dye-removal column kit, as directed (Thermo Fisher, Rockford, IL).
NLP Purification
Samples were purified by SEC ( column, GE Healthcare) in PBS buffer. A flow rate of 0.2 ml/min was used to ensure minimal overlap in the elution of dissociated apoE422k and intact NLP. Data on elution of reference standards using these conditions is available in Fig. S8 . These standards were detected using an SPD-10Ai UV-vis detector (Shimadzu), and elution times were normalized to account for volume delay to the RF-20 fluorescence detector (Shimadzu).
The NLPs labeled with AF488 were monitored using a fluorescence detector set to excite at 495 nm and to measure fluorescence at 520 nm to avoid interfering absorbance from serum proteins and constituents. The raw chromatograph obtained from the fluorescence detector was further analyzed by fitting a series of Gaussian functions to the trace through code written in Python using the lmfit library. Peaks centered between 5 and 8 minutes were considered to be NLP populations, while free ApoE422k was found to elute at approximately 9.5 minutes under these conditions. The NLP Gaussian functions were then integrated to assess NLP disassembly as a function of time. These peak areas, from independent samples incubated in media or serum for varying times, were then arranged into a time series, and exponential decay functions were fit to each combination of peak areas. For each fit, the function was normalized around time zero, and the half-life of the function was recorded.
Molecular Dynamics (MD) simulations
The bilayer properties of the different lipid types used for exploring NLPs stability were characterized using MD simulations. All the simulations were generated using the CHARMM-GUI Membrane Builder, 45, 46 and performed using the GROMACS molecular dynamics suite version 5.1.x. 47, 48 Each bilayer system contained 144 lipids (72 in each leaflet), 60 water molecules per lipid, and 150 mM NaCl. The CHARMM36 lipid force field 49 was used with the TIP3P water model. . 53 The simulations were run under periodic boundary conditions (PBC), time step was 2 fs, the LINCS algorithm 54 was used to restrain h-bonds, Lennard-Jones interactions were cutoff using a force-switch over 1.0 to 1.2 nm, electrostatic interactions were cutoff at 1.2 nm and long-range electrostatic handled with the particle mesh Ewald (PME) method. 55 For analysis, averages over the last 100 ns of each simulation were used and SE estimated between the last four, 25 ns, segments. The analysis was carried out using GROMACS tools and custom tools written in Python and using the MDAnalysis package. Simulation snapshots were rendered in Visual Molecular Dynamics (VMD). 58 
